We present the experimental demonstration of Rydberg blockade in thermal atomic vapor where the atoms are not necessarily be frozen. We show that not all the interacting atoms but only the atoms with same velocity collectively participate in the blockade process. Using this observation, we formulated a suitable model based on super atom picture to study blockade interaction in thermal vapor. We performed an experiment to measure Rydberg population in rubidium thermal vapor using optical heterodyne detection technique and density dependent suppression of Rydberg population is observed in suitable experimental parameter regime. Further analysis of the experimental data using the model verifies the scaling law for van der Waals interaction strength (C 6 ) with principal quantum number of the Rydberg state with 11% error. Our result suggests multi-photon excitation in thermal vapor with suitable laser configuration to probe Rydberg blockade interaction based optical nonlinearity and many body effects. * a.mohapatra@niser.ac.in 1 arXiv:1802.06599v1 [physics.atom-ph] 
Cooperative phenomena mediated by strong Rydberg-Rydberg interaction provides useful application in quantum information processing using photons [1] [2] [3] . It also can be used for realisation of single photon source [4, 5] and enhanced optical Kerr non-linearity which can be observed for single photons [6] [7] [8] . Rydberg excitation in a dense frozen ensemble of atoms is able to shift the many-body Rydberg excited state outside the excitation line-width leading to a single excitation inside the blockade volume which has been studied extensively in ultra-cold atoms [9] [10] [11] [12] [13] [14] [15] . Coherent driving of the atoms in strong blockade regime leads the system to a many-body entangled state [16, 17] . Theoretical study of the influence of the dissipation in blockade interaction induced many body effects have been reported [18] [19] [20] . Also, a recent theoretical study reveals the transition of the blockade phenomenon as a pure quantum system to a classical system due to the presence of dephasing [21] . An experimental study of strongly interacting cold Rydberg gas in dissipative regime has also been reported [22] .
Experiments with thermal vapor are attractive due to less complexity in the experimental set up in comparison with ultra-cold atoms. Recent experiments with thermal vapor shows a rich non-equilibrium phase transition in the mean field regime of the Rydberg interaction [23] [24] [25] . Van der Waal's interaction in thermal vapor has also been observed as a dephasing of the coherent Rabi oscillation of the thermal ensemble using nano-second pulse of the excitation laser [26] . Strongly correlated growth of the Rydberg aggregates due to interaction has also been observed [27] . In these experiments, the thermal atoms were considered to be frozen during the excitation pulse. Partial suppression of Rydberg excitation as an evidence of Rydberg blockade has been reported in an experiment with thermal atomic beam [28] where the excitation duration was much shorter than the Rabi oscillation period of the excitation laser. Hence, the multi-atom coherences due to formation of super-atom was absent in the system [28] .
In this article, we present the study of Rydberg excitation in thermal atomic vapor driven by cw-laser fields in strong interaction regime. Rydberg blockade was studied in steady state in the presence of decoherence due to thermal motion of the atoms and the multi-atom coherence due to super-atom formation. Based on a model with two interacting atoms in the Rydberg states, we show that the atoms moving with same velocity participate collectively in the blockade process. Whereas, the atoms in the blockade volume moving with different velocities behaves like non-interacting or may participate in the anti-blockade process as demonstrated recently [29] . A model based on the concept of super-atom in the presence of decoherence due to thermal motion for N-atoms in strong interaction regime is presented. Rydberg population in rubidium thermal vapor was measured using optical heterodyne detection technique (OHDT) [30, 31] and suppression in Rydberg population in a suitable parameter regime is demonstrated. The analysis of the experimental data using the model is shown to be consistent with the scaling law of van der Waals interaction strength with principal quantum number of the Rydberg states.
Schematic of the energy level diagram of the composite system of two atoms interacting in the Rydberg state is depicted in figure 1(a) . The Hamiltonian of the composite system is given by, H = H (1) ⊗ 1 + 1 ⊗ H (2) + 2V |4 4| where H (1) and H (2) are the Hamiltonians of the individual atom interacting with the driving laser field with Rabi frequency Ω and detunings ∆ 1 and ∆ 2 respectively. Van der Waals interaction between two Rydberg atoms (V = C 6 /r 6 ) can be introduced as an energy shift of the state |4 . The master equation of the combined system can be evaluated as,
where ρ is the density matrix of the composite system. The Lindblad operator accounting for the decoherence in the composite system can be written as may contribute to the anti-blockade process. [29] .
To model the blockade interaction in thermal vapor, we consider that the atoms with same velocity in a blockade sphere are collectively excited to the Rydberg state. An empirical formula based on super-atom model [11, 16, 17] has been deduced by considering the laser field interacting with a two-level atom with collective Rabi frequency as
being the number of atoms inside the blockade sphere. To account for a single excitation inside the blockade sphere, the Rydberg population is divided with N b to find the effective population which is derived as,
The validity of the super-atom model is verified by comparing with the exact calculation for two and three atoms inside the blockade sphere as described in appendix A and appendix B respectively. The calculation was further extrapolated to N-interacting atoms inside the blockade sphere which is described in appendix C. The empirical formula works well if the interaction shifts is assumed to be larger than the collective Rabi frequency.
Demonstration of blockade interaction was performed in our vapor cell experiment and the details of the experimental set up has been presented in our previous work [30] . The schematic of the setup is depicted in figure 2(a). In the experiment, a probe beam along with a reference laser beams were derived from an external cavity diode laser operating at wavelength of 780 nm. The frequency of the probe laser was locked at 1.2 GHz blue detuned to the 5S 1/2 (F = 3) → 5P 3/2 transition of 85 Rb. The coupling laser operating at 478 -482 nm counter-propagates the probe laser through a magnetically shielded rubidium vapor cell.
The cell was kept inside a oven and the temperature was controlled using a PID-controller to control the density of the vapor. The probe and coupling Rabi frequencies are denoted
by Ω p and Ω c respectively which were determined from their respective intensities using the method reported in reference [30] . Ω p was kept constant by keeping the probe power fixed.
The coupling Rabi frequency scales with principal quantum number as Ω c ∝ n 3/2 . The coupling laser power was adjusted accordingly to keep the coupling Rabi frequency constant throughout the experiment. Rydberg electromagnetically induced transparency signal [33] was optimized to ensure the overlapping between the probe and coupling beams. The probe and coupling detunings are denoted as ∆ p and ∆ c respectively. The phase shift experienced by the probe due to two-photon excitation to the Rydberg state was measured using OHDT. The detail of the OHDT and the theoretical model to find relation between Rydberg population and measured dispersion can be found in references [30, 31] . The dispersion peaks corresponding to the usual two-photon resonance 5S 1/2 (F = 3) → nS 1/2 and 5S 1/2 (F = 2) → nS 1/2 of 85 Rb and 5S 1/2 (F = 2) → nS 1/2 of 87 Rb are depicted in figure 2(b).
The dispersion peak corresponding to the transition 5S 1/2 (F = 3) → nS 1/2 of 85 Rb is used for further analysis for demonstration of blockade interaction. Dispersion peak observed near ∆ c = 0 is due to enhanced Rydberg excitation induced by interaction and is called as anti-blockade peak [29] . The repulsive interaction of the Rydberg atoms in the nS 1/2 state leads to the anti-blockade peak which appears on the blue detuned side of the two-photon resonant peak as demonstrated recently [29] . The two-photon resonant spectrum contains the contribution from the blockade interaction due to the atoms resonantly interacting with the driving laser and also the anti-blockade due to the interactions of atoms with different velocities. However, for repulsive Rydberg-Rydberg interaction, anti-blockade dominates on the blue detuned side and has negligible contribution on the red detuned side of the spectrum [29] . To demonstrate the blockade interaction in our experiment, the dispersion was measured at 0.75 GHz blue detuned to the peak of the 5S 1/2 (F = 2) → nS 1/2 transition of 87 Rb as shown in figure 2(b). Since this point is on the red detuned side of the A density dependent suppression of dispersion has been observed which becomes stronger with increase in principal quantum number as shown in figure 3 .
The signal measured in the experiment using OHDT is proportional to the non-linear phase shift of the probe as V s ∝ (χ 3L ) where (χ 3L ) is the real part of the probe susceptibility due to two-photon excitation to the Rydberg state [30] . Using the relation between (χ 3L ) with Rydberg population from reference [31] , the signal measured in the experiment can be written as
where n 0 is the density of the medium. G = The non-linear phase shift measured using OHDT for different Rydberg states are shown in figure 3 and the respective errors are determined from repeated measurements. The vapor density was determined from the temperature of the vapor and respective errors were determined from the uncertainties in the measurement of the temperature. The dispersion data for n = 35 at low density with N b < 1 were used to determine the overall gain G.
Normal distribution of random numbers were generated for dispersion as well as density by taking their respective experimental errors as full width half maxima (FWHM). The statistical analysis of G determined from the straight line fitting of the generated synthetic data gives mean value G = 0.505 and 1σ error δG = 0.01246. Since all the experimental parameters including the probe and coupling Rabi frequencies were kept constant through out the experiment, then the same mean value and error for G were used for further analysis of all the data. The same procedure was followed for all the data presented in figure 3 to fit with the expression (2) by taking r 3 b as the fitting parameter. Statistical analysis of the values of r 3 b determined from the fitting of the synthetic data gives it's mean value and error as a function of principal quantum number which is shown in figure 4 . Again the the same procedure was followed to fit the data in figure 4 to determine the scaling law as 
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Interacting N-atom model:
The Hamiltonian of N interacting atoms is given by H =
represents the Hamiltonian of ith atom and I is the two dimensional identity matrix [34] . V ij represents the strength of the van der Waals interaction between atoms i and j. The decay and decoherence of the system can be included by the Lindblad operator given by
where L Di and ρ (i) represent the lindblad operator and the density matrix of ith atom [34] .
A. 2-ATOM MODEL:
Consider a system with two interacting identical atoms, each having two energy levels, a ground state |g and an excited state |r coupled by an applied laser with Rabi frequency Ω.
The energy level diagram of the composite system is depicted in figure 5(a) . |1 corresponds to both the atoms in the ground state, |2 and |3 correspond to one atom in the ground state and the other in the Rydberg state and |4 corresponds to both the atoms in the Rydberg state. Thus, using the above expressions the Hamiltonian and the lindblad operator for the two atomic system can easily be constructed. The master equation for the system as mentioned in the main text of the manuscript can be solved to calculate the Rydberg population ρ rr = ρ 44 + (ρ 22 + ρ 33 )/2. The population of the Rydberg state as a function of the laser detuning for a strongly interacting 2-atom system satisfying the blockade condition is presented in Fig. 5 (b). The system can further be simplified by considering the available symmetry and large energy level shift due to strong Rydberg-Rydberg interaction. ≈ 0. Using above approximations, the steady state optical Bloch equations (OBE) of the system can be simplified to a set of four equations as
These equations can be solved to evaluate the matrix element ρ 22 which gives the Rydberg population for the system. This Rydberg population is compared to that of the exact two atom model and is depicted in figure 5 (b). The approximate model works well for a strongly interacting regime i.e. V rr √ 2Ω. However, for V rr ≈ √ 2Ω the approximate model deviates from the exact model. An empirical formula is derived using the super-atom model as discussed in the main text, for two atoms inside the blockade sphere and is given by,
Rydberg population calculated using super atom model is also depicted in figure 5(b) . The empirical formula matches well with the exact model and the approximate model.
B. THREE ATOM SYSTEM
Now consider a system with three interacting identical atoms, each having two energy levels, a ground state |g and an excited state |r coupled by an applied laser with Rabi frequency Ω. The energy level diagram of the composite system is depicted in fig. 6(a) . |1 corresponds to all the atoms in the ground state. |2 , |3 and |5 represent any one atom in Rydberg state while other two in the ground state. |4 , |6 and |7 represent states with two atoms in the Rydberg state with one atom in the ground state and |8 represents all the atoms in the Rydberg state. The Hamiltonian and the lindblad operator for the three atom system can be calculated using the expression for N atom presented in the previous fig. 6 (b).
The model can further be simplified using the available symmetry in the system and large energy level shift due to strong Rydberg interaction. We have ignored the inhomogeneous light shift of the single Rydberg excited state which behave like dephasing in many-body Rabi oscillation [5] . Coupling of the states |1 , |4 , |6 , |7 and |8 to the states |2 , |3 and |5
will be the same. Hence the population and the corresponding coherence term will be same, i.e. ρ 12 = ρ 13 = ρ 15 , ρ 22 = ρ 33 = ρ 55 , ρ 24 = ρ 26 = ρ 34 = ρ 37 = ρ 56 = ρ 57 , ρ 28 = ρ 38 = ρ 58 and ρ 27 = ρ 36 = ρ 54 and ρ 16 = ρ 14 = ρ 17 . The shift of the states |4 , |6 , |7 and |8 will be large due to strong interaction between the atoms. Hence the populations ρ 44 =ρ 66 =ρ 77 =ρ 88 =0.
Thus coherence between these states will be zero, i.e. ρ 48 = ρ 68 = ρ 78 = ρ 46 = ρ 47 = ρ 67 = 0.
Thus implementing all these conditions, the three atom system in steady state can be reduced Fig. 6(b) . The empirical formula matches well with the approximate calculation and also with the exact three atom model with V rr √ 3Ω.
C. N-ATOMS
Consider a system of N interacting identical atoms with energy level diagram as depicted in Fig. 7(a) . The hamiltonian and the lindblad operator can be written using the expressions presented in the first section. From the 2-atom and 3-atom calculation presented above, we observe that both of them can be reduced to an effective model with set of four independent OBE. These two sets of equations can be extrapolated for N atoms and is given by, Thus a system of N interacting atoms in the blockade sphere can be reduced to a set of four equation using the available symmetry and strong Rydberg Rydberg interaction.
We observe that for V rr √ N Ω a nice match is observed between the superatom model and the approximate model. However for V rr ≈ √ N Ω the super-atom model deviates from
